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Abstract
In this paper we review a new method to move nano-objects on a polymer surface that is made from diblock-copolymer and mixed brushes.
Such brush systems consist of polymer chains covalently attached to a surface with high grafting density. If the two polymeric components
the brush consists of are incompatible with each other, it shows microphase separation into nanopatterns of well defined size. Such a system
possesses the unique property of changing the surface topography in response to different external conditions. Motion of nano objects
adsorbed on the brush is induced by having the external conditions and thus the brush topography vary over time. This is shown by studying
the distribution of silica nanoparticles adsorbed on several types of brushes while changing the external conditions. We identify parameters
required for motion of nano objects, and discuss potential applications of the proposed technique for nano engineering.
q 2004 Elsevier Ltd.
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Open access under CC BY-NC-ND license.1. Interaction of nano-particles with polymer brushes
The literature on potential applications of polymer
brushes covers a variety of important areas, such as colloid
stabilization [1], chemical gates [2], drug delivery [3],
biomimetic materials [4], and the modification of lubrica-
tion, friction, adhesion and wettability of surfaces [5–7].
With this paper, we demonstrate that the rich physical
properties of polymer brushes may lead to intriguing
applications in nanotechnology as well, namely transport
of adsorbed nano-particles [8]. Before discussing the
interaction of nanoparticles with polymer brushes and
their motion on such surfaces, some general features of
polymer brushes are briefly reviewed.
A polymer brush is generally built from an ensemble of
polymer chains that are attached either chemically (through
covalent bonding) [9] or physically (by physisorption) [10]
with one end to a surface. When the concentration of
attached chains increases, first partial and then significant
overlapping of neighbouring chains occurs [11,12]. The0032-3861 q 2004 Elsevier Ltd.
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Open access under CC BY-NC-ND license.interplay between the repulsion of the repeat units inside the
brush and the elasticity of the polymer chains leads to
stretching of the chains away from the surface [13]. This
introduces new interesting physical properties so that
polymer brushes behave very differently from simply
adsorbed polymer chains [14–16]. To obtain thick polymer
brushes with high grafting density, the so-called ‘grafting
from’ synthesis protocol can be applied by which polymer
chains are grown from initiators on the surface [17,18].
Concerning the synthesis and the properties of homopoly-
mer brushes, several reviews are available [19].
Especially interesting systems are brushes consisting of
two or three different components, in which phase
separation can occur. Such systems may be classified into
two categories: (i) brushes consisting of di- or tri-block
copolymer chains with one end covalently attached to
a solid substrate [20]; (ii) mixed brushes, composed of a
mixture of two polymers A and B, attached randomly to a
surface (Fig. 1) [21]. As is well known, block copolymers in
general show microphase separation. On surfaces, together
with covalent bonding, an even more complex phase
separation behaviour is induced. It depends on surface
characteristics such as grafting density, the surface energy
of both blocks that are in contact with either air, solvent orPolymer 45 (2004) 8279–8297www.elsevier.com/locate/polymer
Fig. 1. Schematic depiction of the two types of polymer brushes: (a) diblock-copolymer brush, (b) mixed brush; (c) and (d) illustration of the
nanophase separation into a structured topography for a diblock copolymer brush. Phase separation for the mixed brush proceeds along
similar lines.
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parameters such as the Flory–Huggings interaction para-
meter, and the molecular weight of the polymer chains [22].
By controlling all of these parameters, a variety of surface
patterns consisting of characteristic structural elements can
be obtained [22]. The patterns are not only topographical in
nature; they also introduce variations in surface energy and
chemical potential on a nanoscale. In that respect the term
‘nanophase separation’ would be more appropriate. For a
given brush, the extent of this nanophase separation
depends on the external conditions. By varying these, the
brush can be reversibly switched from one pattern to an
other.
Experimentally, the investigation of diblock-copolymer
brushes started with the introduction of the atom transfer
radical polymerisation (ATRP), which allows simple
adjustment of structure and composition of the brush, and
possesses the ability to prepare diblock copolymers by
sequential activation of the dormant chain end in presence
of different monomers [23–26]. Using AFM, Brittain et al.
showed that PS-b-PMMA and PS-b-PMA diblock-copoly-
mer brushes exhibit different morphologies, ranging from
smooth to very rough surfaces, with either regular structure
or with an unusual morphology, depending on the
environment the film has been exposed to [27].
Another interesting system showing phase separation on
a nanoscale is a mixed brush. Mixed brushes have been
investigated with respect to structure formation during
microphase separation as well [28,29]. One example of a
mixed brush, a random copolymer of styrene and 2,3,4,5,6-pentafluorostyrene (PSF) and polymethylmethacrylate
(PMMA), was shown to undergo transitions between a
ripple-like topography and a dimple like structure [30], as
was also predicted theoretically [31,32].
The studies carried out so far have mainly concentrated
on identifying the different topographies of polymer brushes
and elucidating how the brush structure influences the
nanophase separation. This information is very important
for some of the applications mentioned, such as designing
smart surfaces that respond to external stimuli in order to
change wettability and adhesion properties.
In addition to these applications of polymer brushes, they
also possess properties rendering them interesting for the
positional assembly of colloids [33,34]. The objectives of
the studies are similar to those of traditional wet colloid
chemistry, where short polymer chains such as bifunctional,
self assembled monolayers immobilized on a surface are
used as functional groups for the positional assembly of
colloids [35].
To the best of our knowledge, only in a single publication
polymer brushes of covalently bound poly(acryl amide),
possessing a macroscopic gradient in molecular weight of
the chains, were used as an organic template for the 3D
spatial arrangement of gold particles [36,37]. Although the
exact nature of the interaction force remains somewhat
unclear, it was shown that at a given grafting density of the
polymer brush, large gold particles (diameter w16 nm)
predominantly stay near the brush/air interface, while
smaller nano-particles (diameter w3.5 nm) penetrate
deeper into the polymer brush, thus forming a 3D structure.
S. Santer, J. Ru¨he / Polymer 45 (2004) 8279–8297 8281The case of non specific interactions of colloids with a
brush, for which no positional assembly of the nanoparticles
can be expected, was so far studied only for one example of
thiol modified gold nanocrystals situated on a poly(ethyl-
enepropylene) (PEP) brush. A PEP monolayer of 3 nm
thickness was prepared by physisorption of a diblock
copolymer poly(styrene-b-ethylenepropylene) (PS-PEP),
throughout the PS block to an underlying polystyrene
surface. The PS in turn was spin-coated on a layer of a
poly(styrene-b-vinylpyridine) (PS-P2VP) diblock copoly-
mer physisorbed to the surface of a silicon wafer [38]. It was
found that brushes with a thickness less than the diameter of
the nanoparticles inhibit their aggregation, while brushes
with a thickness greater than the size of the gold particles
mediate the formation of big islands with elongated shape.
The interpretation of the results is not so straightforward as
no information was provided on the microstructure of the
rather complex underlying substrate.
Using the polymer brushes in order to move colloids
adsorbed on their top is, however, a completely new aspect
that is not covered in the research on polymer brushes so far.
In the following we show that changes in the nanophase
structure of such films can cause the nano particles to move
on the surface. To put this new approach of moving nano
particles into context, we shall also briefly comment on
existing approaches for generating the movement of nano
particles and for developing nano engines.2. Motion of nanospheres on/by polymer brushes
2.1. Existing approaches for manipulating nano-particles
on a surface
One of the challenging steps in performing complex
operations on a nanoscale is to establish a nano infrastruc-
ture, i.e. providing facilities to move and arrange nano scale
components. In order to drive or manipulate nano objects on
surfaces, there are currently two major approaches,
depending on the actuation mechanism: (i) moving nano
objects or single atoms with a macroscopic device, such as
an SFM probe tip [39], and (ii) nanomotors based on protein
complexes [40]. In the former case, several groups have
demonstrated that it is possible to arrange a small number of
clusters or atoms on a flat surface in simple geometrical
shapes, such as lines or squares [41]. Although this approach
is very promising, it suffers from severe problems; the
procedure is slow and difficult to perform, and accordingly it
has low throughput and requires significant advances on
automation of nano manipulation procedures for carrying it
further [42]. The latter, seemingly general purpose approach
utilizes ‘walking’ protein complexes such as kinesin/
microtubules or myosin/actin. These complexes build the
basis for contraction-expansion processes in muscle cells,
transport of organelles, and segregation of chromosomes
during mitosis. Those proteins convert chemical energy intomechanical work by ATP hydrolysis. Applications of these
biological motors in nano engineering are intriguing, as they
possess a high efficiency, are small and available in large
numbers [43]. However, the specifics of the chemical
process of how mechanical work is retrieved from
chemically stored energy are still not well understood
[44]. Even when these questions are answered satisfactorily,
one has to take into account that protein complexes are fully
functional only in buffered aqueous solutions, and only
within a narrow temperature range. This significantly
restricts their use in practical applications, e.g. when it is
desired to integrate nano machines into electronic systems,
where no aqueous environment is allowed.
Very recently, another approach was presented using
carbon nanotubes together with scaled down existing
micromechanical systems (MEMS). This is the first report
on a fully synthetic nanoscale electromechanical actuator
incorporating a rotating metal plate, with a multi-walled
carbon nanotube serving as the key motion-enabling
element [45].
In general, there may not be a single approach to nano
manipulation that will be useful for all conceivable tasks.
More likely there will always be a collection of different
methods, according to their characteristic features. For
instance, the approach to be outlined here could well
provide the basis for an assembly line or conveyor belt for
nano-objects, where on a suitably prepared surface a large
number of objects can be moved simultaneously.
2.2. The concept of using a polymer brush to move nano-
objects
In recent publications, we have proposed to use
functional polymer films made of diblock-copolymer and
mixed brushes to move nano-objects adsorbed on top of
their surface (Fig. 2) [8,46,47]. The essential idea is that
different topographical and chemical configurations of the
polymer brushes together with drastic changes in surface
energy and potential landscape during a phase transition,
can cause the polymer chains to grasp or release a nano-
object successively, moving it across a surface (Fig. 2).
Fig. 3 provides a simple picture how an elementary step
of motion might occur. When a structure element (symbo-
lized as a bump) is created during a phase transition, a nano
object is moved out of its original location in the course of
the transition. With the bump, we might associate a local
excess value of, e.g. adhesion energy. Depending on the
brush composition, in principle, different kinds of forces can
be expected. However, the mechanism in Fig. 3 should not
be mistaken with ‘rolling down a hill’, induced by the
gravitational force, as its value, at the length scales
considered here, is many orders of magnitude smaller
than, e.g. surface forces. A more detailed discussion is
carried out in Section 3.
In the following, the mechanism of motion is discussed
with respect to a detailed account of nanophase separation
Fig. 2. (a) Scheme of a polymer brush carrying a cargo. (b) During topography switching accompanied by changes in the interfacial energy,
the ‘arms’ of the brush grasp the nano cargo and move it along a surface.
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copolymer brushes (1) a poly(methylmethacrylate-b-glyci-
dylmethacrylate) (p(MMA-b-GMA)), (2) a poly(benzyl-n-
methacrylate-b-styrene) (p(BnMA-b-S)), and a mixed
brush, consisting of polymethylmethacrylate and polygly-
cidylmethacrylate chains (PMMA-PGMA) are studied.
Especially the behavior with respect to the switching
process over many periods is presented ex-situ as well as
in-situ.2.3. Nanophase separation behavior of diblock-copolymer
and mixed brushes2.3.1. Ex-situ switching of brush topography in solvents
As a first step we studied the nanophase separation
behavior of the diblock copolymer brushes. For the
poly(methylmethacrylate-b-glycidylmethacrylate) brushes
(PMMA-b-PGMA), PMMA was the attached block
(Scheme 1). For the poly(benzyl-n-methacrylate-b-styrene)
(p(BnMA-b-S)) brushes PBnMA was the attached block
(Scheme 2). The PMMA and PBnMA macroinitiators were
synthesized from a covalently attached 2-bromoisobutyrate
initiator monolayer on the surface of a silicon wafer
(Schemes 1 and 2) [48,49]. The initiator monolayer wasFig. 3. Possible scheme of the action of a structural transition of a polymer
can be of diverse nature. When a structural element forms, the local, inho
away from the element’s center of mass. In this way, the nano object is s
switching.formed under inert conditions at room temperature, using
triethyl amine as a catalyst, toluene as solvent and a
monochlorosilane group as the anchoring moiety. The
polymers were grown from this surface attached initiator
using ATRP at room temperature [48,49]. Thereafter, the
PMMA and PBnMA brushes were used as a macroinitiator
for the synthesis of the second blocks, namely the
polyglycidylmethacrylate (PGMA) and polystyrene (PS)
blocks, respectively. A more detailed description of the
synthesis procedure is given elsewhere [48,49].
We studied a series of diblock copolymer brushes
depicted in Schemes 1 and 2, differing in molecular weight
of the first block, i.e. PMMA and PBnMA, respectively
(Tables 1 and 2). The molecular weight of the second block
(PGMA and PS) of each of the two systems was the same
within each series. To be more precise, for the p(MMA-b-
GMA) brush, the degree of polymerisation of the first block
(DPPMMA) ranged from 600 to 800, while the degree of
polymerisation of the PGMA block (DPPGMA) was 300 in all
three cases (Table 1). For the p(BnMA-b-S) diblock-
copolymer brush, the degree of polymerisation of the
PBnMA block (DPPBnMA) ranged from 500 to 1000, while
the degree of polymerisation of the PS block (DPPS) was
kept at 400 for all three brushes studied (Tables 1 and 2). Inbrush on a nano-object adsorbed to its surface. The acting net force
mogeneous chemical composition might attract or repel the object
ubject to fluctuating force fields on a nano-scale during topography
   
Scheme 1. Scheme of the synthesis of a p(MMA-b-GMA) diblock-copolymer brush.
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of the first layers of the brushes, as well as the total dry
thickness of diblock-copolymer brushes measured by
ellipsometry and X-ray reflectometry [48,49]. It is worth
mentioning the ratio of the dry thickness of the first block to
the dry thickness of the second block termed f (Tables 1 and
2). Here height ratio is shown instead of mass ratio, as the
difference of the density of the two polymers (PMMA and
PGMA for the first brush, and PBnMA and PS for the
second brush) is relatively small and the height ratio is an
easily observable parameter.
Although the chemical structure of the two series of
brushes differs, the samples were generated having similar f
values. It is 1.5 and 1.2 for brushes (a), 1.8 and 1.9 for
brushes (b), and 2 and 2.6 for brushes (c) (Tables 1 and 2).
Remarkably, the brushes of series (a), (b) and (c) showScheme 2. Scheme of the synthesis of a p(Bnanophase separation into similar patterns (Figs. 4 and 5).
With increasing molecular weight of the first block (PMMA
for the first series of brushes, and PBnMA for the second
series), a transition between ripple-like (Figs. 4a and 5a) to
worm-like (Figs. 4b and 5b), and to spherical-like patterns
(Figs. 4c and 5c) was obsserved regardless of the chemical
structure. The characterization of the surface topography
was performed using an Atomic Force Microscope (Nano-
scope IIIa, Digital Instruments). The microscope was
operated in tapping mode, using commercial tips with a
resonance frequency ofw300 kHz, and a spring constant of
w50 N/m. The AFM micrographs have been recorded in air
at a temperature of around 23 8C [8].
Not only the general shape of the patterns of both brush
series (p(MMA-b-GMA) and p(BnMA-b-S)) is correlated
with each other, but also the size of the formed nano 
  
nMA-b-S) diblock-copolymer brush.
Table 1
Molecular characteristics of p(MMA-b-GMA) diblock-copolymer brushes [8]
MPMMAn
(!103 g/mol)
DPPMMA
a
MPGMAn
(!103 g/mol)
DPPGMA hPMMA
b (nm) htotal
c (nm) fZhPMMA/
ChPGMA
d
(a) 53 600 29 300 15 25 1.5
(b) 62 700 29 300 18 28 1.8
(c) 70 800 29 300 20 30 2
ChPGMA is calculated as htotalKhPMMA.
a DP was calculated as the ratio of Mn/M0, where Mn is the number average molecular weight of the free polymers measured using an Agilent GPC setup, and
M0 is the molecular weight of the corresponding monomer unit.
b hPMMA is the dry thickness of the first block measured by ellipsometry.
c htotal is the total dry thickness of the diblock-copolymer brush.
d hPGMA is calculated as htotalKhPMMA.
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(Table 3).
As can be inferred from Table 3, the height of the
features formed by the second brush series p(BnMA-b-S)
decreases from 10 to 5 nm with increasing length of the first
block (with the transition from ripple-like to spherical-like
pattern), while the distance between two neighbouring
elements increases from 40 to 50 nm. The size of the
patterns of the first series of brushes p(MMA-b-GMA) is the
same for all three patterns (Table 3).
Each pattern can be turned into a featureless, flat surface
by exposing the sample to a good solvent for both blocks
(Figs. 4d and 5d). The roughness of the flat surfaces,
denoted by RMS (the root mean square deviation from the
mean plane) is 0.4 nm for both types of diblock-copolymer
brushes, similar to that of the homopolymers. In both cases,
the good solvent is chloroform, while the selective solvent is
toluene for the p(MMA-b-GMA) (good solvent for the
PMMA block, poor solvent for the PGMA block), and
acetone for the p(BnMA-b-S) (good solvent for the PBnMA
block, poor solvent for the PS block). Re-exposing the
brushes to a poor solvent (toluene or acetone) restores the
structured topography. The transition is reversible over
many periods of switching, checked for up to 100 times. The
process of topography switching is rather quick: already 1 s
of solvent exposition is enough for both series of brushes to
turn the patterns into the flat state and back to the structured
one. A more comprehensive discussion of the switching
process is published elsewhere [8,50].
The distribution of blocks within the micelles and on the
surfaces is not yet understood, as most spectroscopic
techniques do not have the required nanometer resolution
to analyse single domains, but average over larger surfaceTable 2
Molecular characteristics of p(BnMA-b-S) diblock-copolymer brushes [49]
MPBnMAn
(!103 g/mol)
DPPBnMA MPSn
(!103 g/mol)
D
(a) 94 600 48 4
(b) 140 800 48 4
(c) 185 1000 48 4
a hPS is calculated as htotalKhPBnMA.area. Based on the results of contact angle measurements,
for the flat state of the surface, one can assume that the
second blocks PGMA and PS of both brushes build the top
layer of the polymer surface (Table 4).
Table 4 shows that the advancing and receding contact
angles measured on the flat surface of the p(MMA-b-GMA)
brush are qaZ558, qrZ428, close to the values for the
homopolymer brush PGMA (qaZ568, qrZ428). In the
structured state (after treatment with toluene), we found
qaZ658, qrZ508, which are values in between the ones for
the homopolymer brushes PMMA (qaZ748, qrZ608) and
PGMA. The same tendency was found for the second type
of brush p(BnMA-b-S) (Table 4). Within one series of
brushes, the shape of the nanopatterns does not influence the
value of contact angles. They are the same for ripple-like,
worm-like and spherical patterns as the height of the
patterns is too small to cause roughness induced changes of
the contact angles.
Mixed brushes. In contrast to the diblock-copolymer
brushes, where a living polymerisation technique is needed,
mixed brushes can be prepared using free radical chain
polymerisation [46]. Here we discuss only one example of a
series of mixed brushes studied in our group. A more
detailed analysis of the special case of mixed brushes can be
found elsewhere [8,46,47,50]. Although the mixed brush
system consisting of PMMA-PGMA (Scheme 3) discussed
in this paper has the same chemical composition as the
diblock-copolymer brushes consisting of p(MMA-b-GMA),
the size of the structures occurring due to the nanophase
separation is much larger as compared to those of the
diblock-copolymers.
In Fig. 6, a typical AFM micrograph of a mixed brush of
PMMA-PGMA, recorded in the dry state, is shown. AfterPPS hPBnMA (nm) htotal (nm) fZhPBnMA/
ChPS
a
00 37 67 1.2
00 57 87 1.9
00 79 109 2.6
Fig. 4. AFM micrographs of p(MMA-b-GMA) diblock-copolymer brushes. Depending on the degree of polymerisation of the first attached
PMMA block, the topography of the brushes appears as (a) ripple-like (fZ1.5), (b) worm-like (fZ1.8), and (c) spherical-like (fZ2). (d)
The obtained structures can be turned into a flat, featureless surface by exposing the samples to chloroform, which is a good solvent for both
blocks. The vertical scale for (a–c) is from 0 to 50 nm, while for (d) it is from 0 to 10 nm.
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shows nanophase separation to yield a ‘crater-like’ structure
with 70–200 nm in diameter. The ‘craters’ have a depth of
20–70 nm (Fig. 6a), while the total film thickness as
obtained with ellipsometry is 100 nm. The difference in the
size of formed patterns between p(MMA-GMA) diblock-
copolymers and PMMA-PGMA mixed brushes can be
explained by the difference in molecular weight of the
chains. The molecular weights of the PMMA and PGMA
are 1.8!106 g/mol, and 2.4!106 g/mol, respectively [47],
that is approximately one order of magnitude larger than in
the case of diblock-copolymer brushes (Table 1). The
patterns disappear after treating the sample with chloroform
(a good solvent for both polymers) (Fig. 6b). As for the
diblock-copolymer brushes, the transition is reversible overTable 3
Size of nano patterns of p(MMA-b-GMA) and p(BnMA-b-S) diblock-copolymer
P(MMA-b-GMA)
Ha (nm) Db (nm)
a (Ripple-like) 10G1 50G5
b (Worm-like) 10G1 50G5
c (Spherical-like) 10G1 50G5
a H is the height of the patterns.
b D is the average distance between two neighbouring features.many cycles of topography switching. The advancing and
receding contact angles measured on the flat surface of the
brush are qaZ668, qrZ538, that is between the values for the
homopolymer brushes PMMA and PGMA.
It should be emphasized here that the transitions
described so far were observed ex-situ. That is, after
recording the topography, the samples were removed from
the AFM, exposed to a good or a poor solvent, dried in air
for 15 min and then used re-examined with the AFM.2.3.2. In-situ switching of the brush topography in vapors
For the in-situ investigation of the switching process, it is
convenient to use solvent vapor instead of liquids. To
perform the experiment, the solvent vapors have to be
pumped directly into the area between the scanning AFM tipbrushes measured by AFM
P(BnMA-b-S)
H (nm) D (nm)
10G2 40G5
8G1 45G5
5G1 50G5
Fig. 5. AFM micrographs of p(BnMA-b-S) diblock-copolymer brushes. As in the case of the p(MMA-b-GMA) brushes (Fig. 4), the patterns
differ depending on the length of the first block: (a) ripple-like (fZ1.2), (b) worm-like (fZ1.9), and (c) spherical-like (fZ2.6). (d) Flat,
featureless surface is obtained after exposing the samples to chloroform. At the bottom of each AFM micrograph the corresponding cross-
section of the micrographs is shown.
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liquid cell, connected to a specifically designed set-up,
which allows it to periodically pump the different solvents
and vapors through the cell. The details of the experiments
are published elsewhere [50]. In Fig. 7, the in situ switching
of the topography of the p(MMA-b-GMA) diblock-
copolymer brush is shown, proceeding from the structured
to the flat and then back to the structured state. After
scanning the patterned substrate in air (Fig. 7a), chloroform
vapor was pumped into the liquid cell at a point when the
AFM tip was scanned from bottom to top (bold arrow, Fig.
7b). After a short signal instability induced by the vaporTable 4
Advancing and receding contact angles (against water) on structured and flat sur
P(MMA-b-GMA)
qa (deg) qr (deg)
Structured state 65 50
Flat state 55 42flow, corresponding to the area between the bold and the
dashed arrows (Fig. 7b), the AFM image shows that the
structure of the brush turned into the flat state. Thereafter we
scanned the remaining area (Fig. 7b). At the beginning of
the subsequent scan, toluene vapor was pumped through the
cell (bold and dashed arrows on Fig. 7c). Although the
change in topography is not pronounced, a closer inspection
(inset in Fig. 7c) shows that a very similar topology as
compared to the starting point in Fig. 7a occurred. The
distance between two neighbouring features is again 50 nm,
whereas the height of the patterns is not completely restored,
and is only 5 nm. Only after a longer period of pumpingfaces of p(MMA-b-GMA) and p(BnMA-b-S) brushes
P(BnMA-b-S)
qa (deg) qr (deg)
85 73
95 83
  
 
Scheme 3. Scheme of the synthesis of a PMMA-PGMA mixed brush.
S. Santer, J. Ru¨he / Polymer 45 (2004) 8279–8297 8287toluene vapor (w1 h) through the cell, the original height of
the structure is restored and the micrograph can no longer be
distinguished from that shown in Fig. 7a.
The vapor induced transition is reversible over many
switching cycles. The only difference to the solvent induced
transition is that the recovery of the original structure,
when exposed to vapor, takes longer. Since chloroform is
a good solvent for both blocks, it takes comparably longer
to replace it with toluene vapor, which is only a good
solvent for the first block. An upper estimate for the time
needed for topography switching in vapor can be inferred
from the in-situ experiment, by looking at the instability
period of the continuous AFM image recording in Fig. 7. It
lasts for roughly 13 s, the actual switching of course, may be
faster.Fig. 6. AFM micrographs of a mixed brush consisting of PMMA and PG
shows nanophase separation with a ‘crater-like’ structure. (b) Treating
topography. The surface is featureless and its RMS roughness is 0.8 nmA very similar behavior of the in-situ transition from the
structured to the flat state of the topography was found for
the p(BnMA-b-S) diblock-copolymer brushes. In Fig. 8 the
identical experiment described above is shown.
The same behavior was found for worm- and spherical-
like pattern. These results are presented in Fig. 9.
In the case of mixed brushes, an in-situ experiment was
done using the very same protocol (Fig. 10). Here, the
instability induced by the flow of vapor is not so pronounced
as in the case of the diblock copolymer brush (Fig. 10b), but
the transition appears to be slower. Thus, in the case of
diblock-copolymer brushes, the time between the injection
of vapor and the transition is 13 s, while for the mixed brush
20 s are needed. The recovery of the patterns of the
mixed brush is not as complete as in the case of theMA chains. (a) After treating the sample with toluene, the brush
of the sample with chloroform causes vanishing of the structured
.
Fig. 7. AFM micrographs of the in-situ switching of the topography of a p(MMA-b-GMA) diblock-copolymer brush. (a) Image of the
structured state of the brush, scanned in air from top to bottom (the direction of the scanning is pointed out by the arrow). (b) At the beginning
of the subsequent scan, chloroform vapor was pumped into the area between brush and tip at the position indicated by the bold arrow. After a
certain time of instability during which the tip travelled a distance of 280 nm (start marked by a bold, end position marked by a dashed
arrow), the structure of the brush turned into a featureless, flat topography. (c) At the position marked by the bold arrow, toluene vapor is
pumped through the system. The instability region in this case is smaller (110 nm). Upon exposure to the toluene vapor, the brush is found to
nanophase separate again. Micrographs inserted in a, and c show magnifications of regions with area 1 mm!1 mm, depicting the structure of
the polymer surface more clearly [8]. The z-scale is inserted into each micrograph.
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flat state, after treatment with chloroform vapor, exhibits a
higher RMS value in comparison to the case of treating it
with the solvent. This might be due to the fact that the
swelling of the thick mixed brush is not complete during a
short period of exposure to chloroform vapor (4 min and
20 s).
Summarizing the results on the structure changes of
different brush compositions, we have demonstrated how to
control the reversible transitions of diblock-copolymer and
mixed brushes between a nano structured and a flat
topography. Moreover, we have shown that the transition
can be induced by vapor instead of liquid solvent. This
opens up the possibility to monitor this process in-situ,
when, during scanning, the vapors are pumped through the
liquid cell and are periodically exchanged. The transitions
of the structures in vapor require more exposition time than
in liquid. When comparing to the structures after the
changes in liquid, we also find a recovery of the originalFig. 8. AFM micrographs of the in-situ switching of the topography of
pattern (fZ1.2) to the flat state by chloroform vapor. (a) Image of the p
from bottom to top (marked by an arrow). (b) During scanning from top
was pumped into the liquid cell. After a short time of instability, the imag
of the same area shows a flat, featureless topography of the brush withpattern, but not quite as complete, when a similar time frame
is chosen. This is due to the fact that the good solvent for
both blocks could not completely be replaced by the poor
solvent for the second block in the given timeframe.
2.3.3. Domain memory
In this section we discuss whether the brush locally forms
the same pattern every time the transition to the structured
state occurs, or if the local assembly of the domains (ripples,
worms, spheres) emerges in different places each cycle of
switching. This is especially relevant for understanding the
nature of the motion process as discussed in the next section.
In general, this question has not been addressed so far. An
exception is the study of the formation of nematic domains
in so-called LC-brushes (polymer brushes with liquid
crystalline side chains), where a strong memory effect
between the location of LC-domains before and after
erasing of the structure and return to the LC-phase was
found [51]. However, the mechanism of domain formationa p(BnMA-b-S) diblock-copolymer brush, here from a ripple-like
attern state of the brush, scanned in air with the scanning direction
to bottom at the point marked by the bold arrow, chloroform vapor
e revealed a transition to a flat topography. (c) Subsequent scanning
a roughness of RMSZ0.4 nm.
Fig. 9. AFM micrographs of the topography switching of the p(BnMA-b-S) diblock-copolymer brushes. The patterns of the brushes
disappeared after pumping chloroform into the area between the brush surface and the scanning AFM tip. (a) Brush showing a worm-like
pattern (fZ1.9), (b) brush showing a spherical pattern (fZ2.6).
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copolymer and mixed brushes, and will further be discussed
in a more detail in forthcoming publication [52]. Here, we
will only briefly report some aspects of this work.
Investigations of domain memory effects require a
reliable point of reference on the brush. For an experiment
with a p(BnMA-b-S) diblock-copolymer brush we chose a
location showing certain characteristic defects that could
easily be identified (Fig. 11a–c). There are three sites of
depression of the brush height that are found close to an
edge of the sample. The general proceeding is as follows.
First, the brush structure just after synthesis was imaged
(Fig. 11a), and a specific area close to the reference sites was
selected for successive magnification (Figs. a1 and a2).
Then the brush was treated with chloroform solvent, turning
the topography into the flat state. Even then the defects are
clearly visible (Fig. 11b). This allows for a safe identifi-
cation of the area chosen after subsequent treatment with
acetone solvent, when the brush turns back into the ripple-
like structure (Fig. 11c). The magnification process (Fig. c1Fig. 10. AFM micrographs of the in-situ switching of the topography o
separation after treatment with toluene. The scanning direction is from
bottom to top, chloroform vapor is pumped into the liquid cell when an A
After a certain period at which the distance of 415 nm is scanned, the ‘cra
area of the brush. The brush shows a smooth topography. The z-scale isand c2) reveals that for the diblock-copolymer brush used in
this example there is no obvious correlation between the
location of domains before and after solvent treatment. The
same behavior can be also observed for the other type of
p(MMA-b-GMA) diblock copolymer brushes. Of course, it
cannot be ruled out that there is still some residual
correlation across several successive patterns. Although
this point could be of interest for a theoretical description of
such systems, it must be left to a quantitative analysis that is
being carried out currently.
Repeating the same analysis for a PMMA-PGMA mixed
brush reveals a completely different situation (Fig. 12).
Here, the area of reference was identified according to the
positions of 100 nm silica particles adsorbed on top of the
brush (bright spots in the micrograph). After one cycle
(Figs. 12a and a1) and 5 cycles (Figs. 12b and b1) of
switching, the AFM micrographs appear as almost identical.
The size, shape, and location of individual domains is
‘remembered’ by the brush, even though it was for an
extended period of time in a flat, featureless state (‘surfacef a mixed brush. (a) The PMMA-PGMA brush shows nanophase
top to bottom (indicated by an arrow). (b) During scanning from
FM tip reaches the position marked by the dashed line (bold arrow).
ter-like’ structure disappeared. (c) Subsequent scanning of the same
shown for each micrograph.
Fig. 11. AFM micrographs of a p(BnMA-b-S) diblock-copolymer brush recorded in air: (a) just after preparation, (b) after exposure to
chloroform for 1 min, (c) after subsequent exposure to acetone for 1 min. In figure (a) and (c), a white square signifies a reference area
magnifications of which are shown below (Figs. a1–a2 and c1–c2).
Fig. 12. AFM micrographs of a mixed brush: (a) before the switching procedure, (b) after five cycles of topography switching. (a1)
Enhancement of the selected area in Fig. 12a is marked by a dashed black square, (b1) enhancement of the same area (marked in Fig. 12b by a
black dashed square) after 5 cycles of topography switching. In both micrographs, a nano sphere in the lower right corner of the area can be
used as a point of reference.
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several cycles of switching; here it was checked for up to 20
cycles.
To summarize, the diblock-copolymer brushes do not
exhibit a domain memory effect. The formed features
(ripples, worms, spheres) have the same characteristic size
(height, and the average distance between two neighbouring
elements), but appear randomly within the brush each time
after topography switching, i.e. there is no correlation
between the position of a domain before and after flattening
and restoring of the nano structure. In contrast, the mixed
brush system has a strong domain memory effect, i.e. the
domains appear always on the same location after each
cycle of topography switching. The reason for this strong
difference of the behavior of two seemingly rather similar
systems is not yet understood and requires further
investigations.
2.4. Organization of silica nano spheres on diblock-
copolymer and mixed brushes
2.4.1. Motion of nano spheres due to topography switching
of diblock-copolymer brushes induced by solvent treatment
Having understood how to control the transition of the
topography of diblock-copolymers and mixed brushes
between the two states, patterned and flat, we have studied
whether these transitions can cause a movement of nano
spheres adsorbed on top of the surfaces. As nano objects we
choose silica particles of 50 nm in diameter, which closely
corresponds to the average distance between two neighbor-
ing structure elements of the diblock-copolymer structures.
The silica particles were synthesized in our laboratory using
a slight variation of Sto¨ber’s original process [53]. The
surface of the spheres is covered by OH groups (5–6 OH-
groups per nm2), that render the particles hydrophilic.
The silica particles were adsorbed on top of diblock-
copolymer brushes by spin casting at 2000 rpm from ethanol
solution with a concentration of 1 wt%. Just after adsorp-
tion, the silica particles do not form aggregates, and are
situated randomly on the structured polymer surface (Fig.
13a). In Fig. 13a, one can also see very clearly theFig. 13. AFM micrographs of silica spheres adsorbed on top of a diblock
single specimens situated randomly on the structured surface. (b) After sw
sample to chloroform for 10 s, the spheres form aggregates consisting
(treatment with toluene during 10 s), results in further aggregation of sphunderlying structured surface of the diblock-copolymer
brush (same brush in Fig. 4b with the worm-like structure,
fZ1.8). This indicates that the brief contact of the ethanol
solution with the brushes does not alter the topography of
the brush. After recording the AFM micrograph, we
removed the sample from the microscope and placed it for
10 s in a good solvent for both blocks (chloroform). Then
we dried the sample in air for 15 min and recorded the
distribution of the silica particles. Fig. 13b shows groups of
two or three silica particles forming islands on the flat
featureless surface of the underlying brush. During
restoration of the patterned brush structure upon exposure
to toluene (poor solvent for the second block) even further
aggregation was observed.
Iterating over more cycles, the formation of large
elongated aggregates occurs (Fig. 14). The total number
of the adsorbed silica spheres remains the same over many
switching cycles, i.e. desorption does not take place. The
height of the particles is recorded to stay constant at 50 nm,
indicating that particles do not sink into the polymer layer
[8].
The experiments on silica particles were conducted ex-
situ, thus it was not possible to stay on a specific spot on the
brush. It was checked however, that the particle distribution
was sufficiently homogeneous across the whole substrate, so
that different areas are indeed equivalent. To characterize
the distribution of the single spheres during the switching
process, in Fig. 15 we plot the number of single silica
spheres on a 10 mm!10 mm area as a function of the
switching cycles.
Just after adsorption of silica particles, they are found as
single specimens (relative number of isolated spheres is
100%). With increasing number of switching cycles, the
number of isolated particles decreases, until it settles to a
plateau of roughly 20% after 8 cycles and remains constant
thereafter. This, however, does not imply a stationary state,
the size of some fraction of the islands still grows, while the
percentage of single spheres remains 20%. The explanation
for this seemingly contradictory finding is, that particles at
the periphery of the islands can leave them and become
isolated again, or join different islands.-copolymer brush. (a) After adsorption, the spheres were found as
itching the topography into a flat, featureless state by exposing the
of two and three particles. (c) Recovering the structured state
eres. The inserted picture shows details of the underlying surface.
Fig. 14. The AFM micrographs in (a) and (b) show the particle distribution after 5 and 10 cycles, respectively. The spheres become
increasingly aggregated. (c) After 26 cycles, the formation of elongated islands of silica nanoparticles was observed. Micrographs inserted in
a, b, and c show magnifications of regions with area 2 mm!2 mm, depicting more clearly the underlying structure of the polymer carpet.
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worms and spheres), the process of particle motion and
aggregation appears to be almost identical. Only on the
brush with the shortest first PMMA-block (ripple-like
structure, Fig. 16a), elongation of islands is found to be
particularly pronounced, and can be best described by the
formation of strings of silica particles (Fig. 16b). This
indicates that details of the brush pattern and of the
transition between different patterns does indeed have an
influence on particle motion and aggregation.
On p(BnMA-b-S) diblock-copolymer brushes, the silica
nanospheres were washed off the surface during the solvent
treatment. The switching of the brush topography in vapor,
where no capillary forces act on the nano spheres, lead to the
same motion of nano spheres as described above for the case
of p(MMA-b-GMA) brushes [52].
To check whether aggregation appeared because of
pattern switching or on account of other reasons, we have
carried out the very same experiments with homopolymer
brushes of PMMA and PGMA, with molecular weight andFig. 15. Relative number of single silica particles, calculated as
(Nsingle/Ntotal!100%), and the size of the islands over the number
of switching cycles.grafting density similar to the diblock-copolymer brush
(0.25 chains/nm2 [8]). In the case of homopolymer brushes,
no aggregation of the nanoparticles was found (Fig. 17).
Additional annealing in a good solvent (chloroform) at room
temperature during 24 h does not lead to changes in particle
distribution.
It clearly indicates that only the switching process is
responsible for the motion of nano particles, simple
diffusion can safely be neglected (for more details see
Section 3).2.4.2. Organization of nano spheres on a mixed brush
Repeating the very same experiment with mixed brushes
which form crater-like structures, we have found that the
particle respond in a very different way. In contrast to
diblock-copolymer brushes, the particles did not gather, but
were simply ‘swallowed’ by a crater element. This can be
inferred from an apparent decrease of particle height. When
measured just after adsorption a value of 50 nm was
obtained, while after the switching procedure the height
decreased to 20 nm (Fig. 18b). As the silica particles do not
shrink during solvent exposure, the height decrease is due to
the particles sinking into the brush. In Fig. 18, particles are
shown that are adsorbed on a flat substrate of a mixed brush.
Before adsorption, the topography was rendered flat with
chloroform, in order to prevent a gathering of silica particles
in craters prior to the actual switching procedure.
This clearly shows that the motion of objects on a
structured polymer surface is in general very sensitive to the
length scales of patterns as compared to particle size.
Currently, we are working on experiments with particles of
diameter 200 nm. It is to be expected that they show the
same behavior as the smaller silica particles on smaller
structures; however, it is not known if the size of formed
islands scales with the number of iterations in the same way.
One would expect that since surface energy scales as
Fig. 16. AFM micrographs of silica particles adsorbed on top of a p(MMA-b-GMA) diblock-copolymer brush with a ripple like structure
(shortest PMMA-block). (a) Silica particles are well separated just after adsorption. (b) After 20 cycles of switching the silica particles form
elongated islands that can best be described as strings. On both micrographs one can clearly see the underlying ripple-like structure of the
brush.
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might take a longer time for islands to form.
2.4.3. Motion of nano spheres due to topography switching
of diblock-copolymer brushes induced by vapor treatment
The previous results were all obtained with the solvents
chloroform and toluene. In this section, we want to give a
brief summary of the analogous experiments conducted
with solvent vapors, where recovering the structured brush
states appears to be less complete. To check whether an
incomplete transition is sufficient to initiate the process of
motion, we have investigated the organization of nanopar-
ticles on diblock-copolymer brushes similar to the case of ex
situ switching (Fig. 19). This study was also performed with
silica nanoparticles with 50 nm in diameter, which is larger
than the average thickness of the brush (30 nm), but
corresponds to the characteristic length scale of a pattern.
It was found that as in the case already reported, just after
adsorption from proper solution, silica nanoparticles
showed no aggregation, and are situated as single specimens
on the top of the ordered polymer surface (Fig. 19a).Fig. 17. AFM micrographs of silica nanoparticles adsorbed on a PGMA
switching cycles (chloroform/toluene) and annealing in good solvent duri
aggregation of the nanoparticles was found.Thereafter, we performed in vapor ex-situ switching of the
structure from patterned to featureless and back, when the
substrate was first exposed to chloroform vapor and then to
toluene vapor. As in the case of solvent treatment, already
after the first cycle of switching, the formation of small
clusters of nanoparticles was observed (Fig. 19b). Reiter-
ating over more cycles, the formation of big elongated
aggregates occurred (Fig. 19c) as well.3. Suggested mechanism of motion
Wrapping up the previous findings, one might ask what
the nature of the physical process of motion of the nano
particles is.
Before dwelling on our proposed transport mechanism,
we should first take other sources into consideration that
could make nano particles move, namely, aggregation
induced by diffusion and capillary forces acting on particles
during solvent switching. These two reasons, however, can
be ruled out for the following reasons: (i) the experimentsbrush of 30 nm thickness: (a) just after adsorption, (b) after 26
ng 24 h. In contrast to the diblock-copolymer brush (see Fig. 14), no
Fig. 18. AFM micrographs of silica particles adsorbed on a carpet made from a mixed polymer brush. (a) Just after adsorption on a flat surface
of the brush, and (b) after 10 cycles of topography switching. The dashed lines indicate the tracks along which the cross section of the silica
particles was recorded, as depicted below. A schematic view of the particles of how they situate on top of the carpet is also shown (a1 and b1).
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do not aggregate when undergoing the very same procedure
that was used for diblock-copolymer and mixed brushes:
cyclic treatment with the solvents chloroform and toluene,
and additional annealing in chloroform for 24 h; (ii) the
experiments performed in vapor, where no capillary forcesFig. 19. AFM micrographs of the organization process of silica nan
Nanoparticles adsorbed from ethanol solution formed no aggregates on th
chloroform and then to toluene vapor, partial restoring of the pattern stru
form islands consisting of two, three or sometimes five objects. (b) Furth
treating the substrate repetitively over several periods (50 cycles).are present, yield results equivalent to those with solvent.
Moreover, the statistical analysis of the number of single
silica particles over number of switching cycles (compare
Fig. 15) sustains this view. One can conclude that despite
aggregation of nanospheres, there is an active exchange of
particles between islands. This finally puts strong evidenceoparticles on a p(MMA-b-GMA) diblock-copolymer brush. (a)
e nanophase separated brush; (b) after exposition of the substrate to
cture of the brush takes place. Some of the particles have started to
er aggregation into islands of the nanoparticles was observed after
Table 5
Estimation of forces acting on a nanoparticle with 25 nm radius [54]
Gravity FgZmgZ(4/3)pr
3rg; rz1 g/cm3, rZ25 nm, gZ9.8 m/sec2 Fgz10
K9 nN
Van der Waals Forces FvdWZAr/6D
2; AZ10K19 J, DZ0.3 nm, rZ25 nm FvdWw5 nN
Adhesion FadhZ4prg; gZ2(gsgp)
1/2, gsZ100 mJ/m
2 silica surface energy gpZ25 mJ/m
2 polymer
surface energy
Fadhw30 nN
Interparticle interactions FvdWZAr/12D
2; FadhZ2prgs, AZ10
K19 J, DZ0.3 nm, rZ25 nm FvdWw2 nN, Fadhw15 nN
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motion.
After having excluded such ‘trivial’ mechanisms, we
now come back to a point of view already worked out in the
introduction. Along with topographical changes due to
nanophase separation, there is a profound and distinct
change of associated surface energy on roughly the
same length scale as the colloid size. Although we do
not have a precise theoretical model of the motion
process, we are now in the position to lay down some
heuristic outline on how the development of a suitable
theory might proceed.
As already mentioned, one can first rule out any
gravitational component; van der Waals and adhesion
forces are many orders of magnitude larger (Table 5).
When the object’s size is of the order of or slightly larger
than the brush structure elements, a simple picture using theFig. 20. The central picture shows how during an elementary step of moti
surface patches compete with attracting an adsorbed colloid. (b) Applying
average area those surface patches assume. This can be achieved, e.g. by
polymer chains.surface energy of the contact area between colloid and
structure elements seems reasonable. For now, with the
surface energy we formally include different kinds of forces
which might contribute to the net force on the adsorbed
colloid. It should be noted that here very simple models are
used and the interaction values obtained can be only used to
give an estimation of the order of magnitude of the forces
involved.
The forces are calculated for the simple case of solid, non
deformable surfaces in vacuum. A is the Hamaker constant,
a typical value being 10K19 J. The value of gpZ25 mJ=m
2
is chosen as a typical surface energy for polymer surface.
When topography switching occurs, the area of the
surface patches of structure elements in contact with or in
the vicinity of the nano object changes, resulting in
dynamically competing surface forces acting on the particle,
as illustrated in Fig. 20. Repeating this process over manyon its direction is determined: (a) vanishing and emerging adherent
this picture, directed motion might be imposed by a gradient in the
a gradient in grafting density or molecular weight of the attached
S. Santer, J. Ru¨he / Polymer 45 (2004) 8279–82978296cycles, one can think of a dynamically fluctuating force field
that, in general, would result in random motion of the
nanospheres. In some respect this motion is similar to
Brownian motion, but with elementary steps coupled to the
switching process that in turn is imposed by the
experimentalist.
More information will certainly be obtained when in-situ
experiments are carried out in which the motion of a single
particle is tracked. These experiments are going to be
performed in vapor.4. Conclusions and outlook
In this paper, we have reviewed a new approach to move
nano objects on a surface made from polymer brushes. We
have shown that structural changes of a diblock-copolymer
brush during nanophase separation can be used to drive
appropriately sized nano particles across the surface. Here,
we have discussed this for certain types of p(MMA-b-GMA)
and p(BnMA-b-S) diblock-copolymer brushes. As a starting
point, we analysed the nanophase separation behavior of the
brushes. Depending on the length of the first block (PMMA
for the first series of brushes, and a pBnMA block for the
second series of brushes) different shapes of patterns are
formed, such as ripple-like, worm-like, and spherical. The
mixed brush shows also nanophase separation in selective
solvent into a ‘crater’-like pattern, but the characteristic size
of the pattern is much larger than in the case of diblock-
copolymer brushes.
The patterns can be switched into a flat, featureless state
by exposing them to a good solvent for both blocks. We
have also proven that the transitions are reversible for more
than 100 cycles. Furthermore, it was shown that vapor is
already sufficient to induce the phase transitions, although
the recovery of the surface pattern takes a longer time than
in the case of solvents. This, however, does not seem to
affect the efficiency of driving the colloid. The experiments
suggest that in the vapour case one might need only a few
additional cycles of switching in order for the particle to
travel a comparable distance.
Returning to the very process of nano particle motion, up
to the present we have shown that the periodical switching
of the underlying topography indeed induces motion of nano
objects, that eventually leads to formation of larger
aggregates. On account of our experimental results, we
have outlined a scheme of how a corresponding theory of
colloid motion might be developed. More experimental
light will be shed on this question when tracking the motion
of a single particle during in situ pattern switching of the
supporting polymer brush. The experiments with vapors
represent an important prerequisite for this.
With respect to establishing a new mechanism for
actually transporting objects in some predefined direction,
our work reported here is only a first step. Several issues stillneed to be clarified, such as more details of the motion
process.
A precise understanding of this will guide us in tailoring
the pattern formation of diblock copolymer brushes, which
has not been investigated until now, theoretically as well as
experimentally. For instance, in order to determine a net
direction of motion, a certain correlation of patterns
between subsequent cycles would be desirable, reminiscent
of molecular ratchets [55]. Also, inhomogeneous distri-
butions of grafted polymers could directly define a net
direction of motion.
These approaches, of course, can be combined with
techniques that have already been applied to other systems,
such as pre-shaping the polymer surface by splitting it to
into ‘channels’ or ‘wells’, thus constraining the direction of
motion. Together with establishing directed motion of
single particles, a wealth of further applications of our
approach is conceivable. A great advantage compared to
existing approaches, i.e. physical pushing of nano-objects,
the topography induced movement can be applied in
parallel, so that very large numbers of nano-objects could
be moved simultaneously. For example, the dependence of
the transport properties on particle size suggests to establish
a facility in which nano-objects are sorted according to
shape and size. The same scheme should also apply to
particles of different surface chemistry.Acknowledgements
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